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The Top quark

= Feels strong, electroweak and gravitational
forces

= Life time t=5x10-%% s, decays before
hadronization
= Allows mass measurement of a bare
quark

= The heaviest known elementary particle
= ~175 GeV/c?
= 40 x b-quark mass

= Currently studied only at Tevatron

= LHC will be a top factory
= top is one of the benchmarks
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The Top Quark Mass

Top mass is a fundamental SM parameter
= important in radiative corrections

March 2008
! |

1 —LEP2 and Tevatron (prel.)
t 80.54 - LEP1 and SLD

68% CL

/ \
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= Yukawa coupling ~1, special role in
electroweak symmetry breaking??

= Consistency check of SM, and constraints | —
Myiges With M, and other electroweak 150 175 200
precision measurements m, [GeV]

Constraints on models beyond SM (SUSY)

80.3 -
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The Top quark

At the Tevatron, mainly produced in pairs (o = 7pb) via strong
Interaction.

proton g e t
X <f % 000 < LHC (90%)
e . & ~1000

antiproton *‘5\ {
85% 15%

Decays ~100% to Wb
= Dilepton ( , small bkgds)

/"q 2 leptons (e/un), 2 b jets, missing E; (2vs)
. A fJ v.q = Lepton+Jet ( , manageable bkgds)
‘ 1 lepton(e/u), 4 jets (2 b jets), missing E; (1v)
"\ = All-hadronic ( , large bkgds)

6 jets (2 b jets)
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The jets in top mass analyses

9 = The jet energy scale (JES)
g - external measurement
3 - In top decays: insitu calibration by W— qq
;'E. Scale jet energies: invariant mass of jj
_ system need to match W mass
Ejet = Eeas T JES * O g OF Ejet = Eeas JES

= The combinatorics

- how to associate jets to the partons from top
decays? b-jet tagging helps

, displaced
N tracks
Secondary / e
vertex .
out of cone A .—.
Ly .-

'\

Primary S R

Particle \ /@S )
i vertex //ﬁ do £

/ , vv“‘,/‘ "“ . ’ y
/o
’ .
’ X

d l y prompt tracks “z
underiying

event = Radiation (ISR/FSR)

- not all jets originate from the top decay
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Analysis methods

= Template method
- mass estimator, typically the top mass from kinematic fit
- templates: probability density function from simulated top events for different
generated top masses
- fit templates to data distribution

= Event-by-event likelihood
- Extract as much as possible information from the events

- Matrix element method use theoretical prediction for top production and decay
- Integrate over parton energies (and angles), assign probability to measure a jet

given parton energy
detector response

Given event x, probability for M; and JES for given parton

P(x|M,,JES) =Nfd(I)|Mt;(p;Mt)‘2 HW(paj)fPDFF(%)fPDF(%)

objects
PDF for incoming
Parton-level phase-space ME for top production  partons
and decay
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Dileptons channel
Matrix weighting
14|~ 4 signal m =175 GeV

1Y L=105m0" _
- !ZZS:Qround | DO Runll Preliminary

= Matrix weighting f0f
= Integrate over possible parton solutions

= Weight solutions by the consistency
with PDF and measured lepton

enel’gIeS ?0_0 120 140 160

Events

180 200 220 240

= Template for the top mass with largest Neutrino weighting Myea GEV
D@ Preliminary 1fb

weight
= Neutrino weighting
= For each top mass, loop over pseudo-

rapidities of the two neutrinos
= Weight using consistency with missing P-
= Templates for mean and RMS of

ol b b b b b b b
160 165 170 175 180 185 190 195 200

weight distributions & o~
" Combined result ||\, = 173.7 £ 5.4 (stat) £ 3.4 (syst) GeV/c?
7
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Dileptons channel

L — 20_21 fb-1 i CDF Runll Prelimir_lary (2.1 fb'1)
70:_ Constrained fit
i 8
. . . 60 - 2
= Neutrino weighting : St
= Loop over azimuthal angles of two < 0F \_/
> |
neutnnos 2 40} Yoo ies 1m0 1
=
= templates for the weighted average top 2300
g [ 1 Data (236 ev.)
mMass FTE 200 [ Signal+Backgr.
i [ Backgr.
M, = 167.7+42, , (stat.) £ 3.1 (syst.) GeV/c? 10}
0 100 150 200 250 300 350
gzo. AL RS RS RARAS MARES ALAE LA R Reconstructedmass(GeV/cz)
- 18v CDF Run Il Preliminary (201b ) .. - Matrix element
16}
al ® o = Uses evolutionary neural network
1 ® o .
1 . selection.
10¢
sl e L Optimizes the resolution: 20%
g ‘e ..' improvement in resolution.
4 .
' o e®®
‘| M, = 171.2 £ 2.7 (stat.) £ 2.9 (syst.) GeV/c?
Qés;"iéd"iés"i?d”i?’é"iéd"iés‘”{éd"3’95
M, (GeVicT)
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Lepton+jets channel

w L =21 b D@ Run lIb Preliminary, L=1.2 fb" D@ Run lIb Preliminary, L=1.2 fb’'
- . x 1.4 F

- - - Mean 1.8 GeV

C | JES= 1.040 + 0.015 E S e

ma:

o g 300
g 12 g f
= | lepton+jets -§ 2501 Legtomi?ts
. N 5 = No prior
= Matrix Element method o 2D e £ 200 s
= Insitu JES measurement : g
0.6 L
= Neural net b tagging o 100"
= Currently most precise F o
single top mas§ R A - R RN TR & e - S SR FEER 4
measurement in world! JES o(M,,) (GeV)
DG Run lib Preliminary, L=1.2 fb™'
1.1
L =0.9fb": @ " lepton+jets, calibrated
M, = 170.522.5 (stat+JES)£1.4 (syst) GeV/c2 b
L=1.2fb™" 108
M, = 173.0+1.9 (stat+JES)+1.0 (syst) GeV/c? o8-
1.02_—
M, =172.2 £ 1.1 (stat) £ 1.6 (syst+JES) GeV/c? | | AlnL=2:0
i A InL=4.5
09866168 170 172 174 176 178 180

M, (GeV)
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Lepton+jets channel

. —rCIDIF |Rl'fn |" |Pl|’e||in|lil:‘g|!:v| 1;7 |fb|-1 7

L L I B ]
. . Aftercorrection. 1 = Matrix Element method L = 1.7 fb1
oF M, =171.6 £ 2.0 (stat+JES) + 1.3 (syst) GeV/c?
o &
0-53— —f CDF Run 2 Preliminary 1.9/b
- ] Number of events
A ]
:1...11..|H.E|..1|...E1...|H.|.El
164 166 168 170 172 174 176 178 2
M, (GeVic’)
L =1.9fb

= Weight permutations using tagging
probability

= Event-by-event NN discriminant for

background
120 140 160 180 200 220 240 260
= The expected background IS subracted Top mass value at peak of likelihood curve (GeV/cA2)
. . Signal (172) + background MC = Data events
from the likelihood I Background MC

M, =172.7 £ 1.8 (stat.+JES) = 1.2 (syst) GeV/c?
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Lepton+jets and dilepton combined

‘ 1-tag 2d Signal probability (M, = 170 GeV/c?)
L =1.9 fb"

= Template method with 2D fits
= Lepton + jets: top mass and dijet mass
= Dileptons: neutrino weighting
top mass and H- (scalar sum of missing E-,
lepton P+, jet P;)

w. (GeV/c?)

Events/(10 GeV/c?)
i}

120 140 160 180 200 220 240
. . " reco 2
= Combine both lepton+jets and dilepton channel mi=e (GeV/c’)

= No assumptions about correlated systematics
= Dileptons benefit from the use of insitu JES

—
£y
lllll

0-tag: 83 events

HEpPt . 120 []pata
calibration of lepton+jets events 10F [ signal+Bkgd

Events/(10 GeV/c?)

. 22 Bkgd only
Lepton + jets:

M,= 171.8%1.9 (stat+JES)+1.0(syst) GeV/c?2 - 3 )
D||epton 23_ / 4 - , o > aCDF Run Il Preliminary (1.9 fb ")

M, = 171.6*34_, (stat) + 3.8(syst) GeV/c? Foo™4s0 200 250" 500 mg%%&?{“’
M,= 171.9 £ 1.7 (stat+JES) + 1.0 (syst) GeV/c?
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All-hadronic channel

CDF Run Il Preliminary (1.9 lb")

CDF Run Il Preliminary (1.9 fb™)

L = 1 9 fb-1 2:22: 1 tag events m::‘ E”o 1 tag events m:“
i’ 00k —— Data Ez ; Data
£ oo M Fitted 1 i Fitted ti
=  Template method aey = T :kg 1%0 I Fitted Bkg
. E 140
= 2Dfit tOp mass and JES :::: #2/Ndof = 45.3 / 38 ¥2/Ndof = 48.5 / 40
= NN-selection to reduce 1oo; Prob = 0.193 Prob = 0.168
80
background eof
40f
= Data driven background aof
model ] 50 100 150 W 20 100 150 200 250 300

4
CDF Run Il Preliminary (1.9 fb™) CDF Run Il Preliminary (1.9 fo")

CDF Run Il Preliminary, (1.9 fb") $ 80[ P Yrp—— § sof- 2 tags cvents m:‘u:
n 3 [~ o 5 w w 5
ﬂ : -Ln(L/me) Contours, 1+2 tags events i, 50:_ —4 Data % 40:_ ; Data )
2 g [ B Fitted ti @ F!ned tt
i aof- I Fitted Bkg . I Fitted Bkg
i - 30~
! i 30l %2/Ndof = 9.6/ 25 x?/Ndof = 21.4/27
0 : Prob = 0.998 20l Prob = 0.765
i 20} i
Ak - 10}
[ — -Ln(LL__)=45(30) 10~ i
[ — -Ln(L/L__)=2.0(20) [
-2[ — -Ln(LL__)=0.5(1c) % 50 100 150 200 250 LT 150 200 250 300
[ K Fitted Values my® (GeV) m=* (GeV)
) FREY FYRE FUVIY FETES FREUY FRREN FEVEY FRURY PR o
150 155 160 165 170 175 130 185 1e0 195 200 | M, = 177.0 £ 3.7 (stat+JES) + 1.6 (syst) GeV/c?
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All-hadronic channel

Source AM,; (GeV/c?)
L=1.9 fb
ISR/FSR 1.2
MC Generator 0.8
= Use combined matrix element and template Residual JES 0.7
method: Inst. lumi. 0.7
B _ . ) Bg Fraction 0.5
= For signal simplified matrix element Bz Shape 01
= For background and poor signal events use PDF 0.4
template B-JES 0.3
= NN-selection and at least 2 b tags Calibration 0.2
= Clean sample S/B ~ 2/3 Bg Sratistics 0.07
: : : Total 1.9
= Signal fraction is measured from data
CDF Run Il Preliminary CDF Run Il Preliminary CDF Run Il Preliminary (1.9 fbd)
"@ 3 ;.. ..................... ................... >< VMeasured values
L 55 S ................ —— Ln(UL,.) = 0.5 (1a)|
W o : ' : | — Ln(ULped =20 20)|
- —— -Ln{ULe) =45 (3 6)
1.5 ? f :
1F
80 100 120 140 160 180 200 220 240 260 380 0.5 =
mt(GeV/c) 80 100 120 140 160 180 200 220 2:1:)(5:3/(:5; 0;
M, = 165.2 + 4.4 (stat+JES) £+ 1.9 (syst) GeV/c?2 | *°}

1_50. | 155 160 165 170 175I ~ I180l
M, (GeV/c?)
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= Jet Energy Scale still most dominant systematic

= Many analyses still gain from increased luminosity

Run Il CDF DO CDF DO CDF CDF | world
Measurement di-| di-I |+ |+ all-j Ixy | average
JLdt (fb1) 2.0 1.1 1.9 2.1 1.9 0.7

Result 1712 173.7 1727 1722 177.0 180.7 172.6
Jet Energy Scale 2.5 3.1 1.5 1.3 2.0 0.3 0.9
Signal 0.7 0.8 0.6 0.7 0.6 1.4 0.5
Background 0.4 0.6 0.6 0.4 1.0 7.2 04
Fit 0.6 0.9 0.2 0.1 0.6 4.2 0.1
MC 0.7 0.2 0.4 0.0 0.3 0.7 0.2
Systematic 2.8 3.4 1.7 1.6 24 8.5 1.1
Statistical 2.7 54 1.2 1.1 33 145 0.8
Total Uncertainty 3.9 6.4 2.1 1.9 41 16.8 14

= Statistical uncertainties: uncorrelated
= Most of the systematics: correlation between other analyses

April 7-11
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Tevatron Combination

Best Independent Measurements http://tevewwg.fnal.gov/top
of the Mass of the Top Quark (=rreiiminary)

T T T I I I T T T I I I T T I T T I I I T T T T

experimental errors 68% CL:

L ; 80.70 — —
| : i LEP2/Tevatron (today) i
| | go.eOF- =
CDF-l lepton+jets —@ 1761 % 7.3 i
D@-l leptontjets | —— 180.1 £ 5.3 g 30,50_— ,,,,,,,,,,,,,
CDF-ll lepton+jets* i’ Tt 2 =
epton+jets I’- 1727 £ 21 >
D@-Il lepton+jets* o 1722+ 1.9 = .
: 80.40
CDF-l alljets i & 186.0 £ 11.5 =
CDF-ll alljets* —— 177.0 £ 4.1
80.30
: SM &
! X? dof = 6.9/ 11 MSSM
| both models
Tevatron Run-l/II* Y 1726 £ 1.4 80.20
: | Heinemeyer, HoIIik,lStockinger, Webiar, Weiglein '08 7]

160 165 170 175 180 185

150 170 190 March 2008
m, [GeV]

Top Quark Mass [GeV]

= Precision of SM/M = 0.8% !
= SM Higgs < 160 GeV/c2with 95% CL (< 190 GeV/c? including LEP-2 limit)
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Future prospects

= CDF as an example

= With 2 fb-1 top mass uncertainty beats the uncertainty projected from 680 pb"
by only accounting increased luminosity

= Improvements in analysis techniques
= Better understanding of systematics CDF To_p Mass Uncerqtamty
(projection from 680 pb )
10
= With full data set of 8 fb-1 N 1fb" 2fb" 4fb" 8fb"
. . 2 =
= Systematics dominate > vy
—Need to push down! ° 7 —
—Other sources of systematics g v  CDF Results _F ™
come more dominant when =" 4| Mv 7o,
. <] - * Run lla LJ goal (TDR 1996
JES systematics decreases - goall )
. T - Scale A(stat)/\l[, Fix A(syst)
with more statistics (ISR/FSR,...) | —— (assumes no improverments)
= Precision of 1 GeV is close! - Scale A(total) / NL
(improvements required)
lll 1 | lllllll 1 1 Illllll

10 10° L 10
Integrated Luminosity (pb )
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BACKUP
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Tevatron experiments

Collider Run Il Integrated Luminosity - Delivered almOSt 4 fb_1

zzzz o = More than 3 fb"! on tape (both

— r 3500.00 .

g ow 2 experiments)

2 200 | (I 9000.00 §

£ ...m 2 = Current top mass analyses use up to

£ £

3., Al f ~2mb

i oI —

£ \IIIHHIIWII\IH\IHIH\I\II!IIIIL!INI!ﬂ g e

% o0 - e ] O R R oo < _ '

" ol e IHIIIIW R TR oo M p—
..._..."nmummlllllllHlMlllllllIIIIHIIW\IIHIWII\IIH\II\IU\lﬂ\l e \

0.00 Shielding

5 24 43 62 81 100 119 138 157 176 195 214 233 252 271 290 309 328 347 366
Week #
(Week 1 starts 03/05/01)

| mm \Weekly Integrated Luminosity —e— Run Integrated Lurn|nosity|

. Calorimeters (o/E~ 80% IVE)

. Precision tracking with Sl

- Muon chambers

. Excellent muon coverage(DO),
excellent tracking (CDF)

\ 4

Multi-purpose detector;
precision measurements
search for new physics

CDF detector
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Combinations

CDF Top Quark Mass Combination
(*Preliminary)

C
All-hadronic 186.0t710.0t 5.7
(RunI)
_ @
Dilepton 167.4+10.3+ 4.9
(Run 1)

.—.—.——.
Lepton+Jets 176.1£ 5.1+ 5.3
(Run 1)

. P
*All-hadronic 177.0+ 3.3+ 2.4
( 2"
, @
*Dilepton 171.2+£ 2.7+ 2.8
( 2fb")

Lepton+Jets (<L, >) 180.7 +15° + 8.6
.7 Xy =134 — &~
(0.7f')

@
*Lepton+Jets 1727+ 1.2+ 1.7
( 2f')

@
*CDF March 2008 1729+ 1.2+ 1.5

(CDF Run I+11) (stat.)+ (syst)
x°/dof = 3.8/6

T T T T T T
150 160 170 180 190 200

Top Quark Mass (GeV/cz)
April 7-11

= Many other top mass measurement performed
in CDF and DO

D@ - =included in combination Summer 2007
Run | Dileptons * ll @ f 168.4 +12.3 136 GeV
Run | Lepton+jets * H-e—H 180.1 136 39 GeV
Run 1 Alljets = @ {4 178.5 £13.7 47.7 GeV
Run Il Dileptons * H—&—H 173.7 154 134 GeV
Run Il Lepton+jets * @4 170.5 18 120 GeV
D@ combination (august 2007) H@H 1721 215 19 GeV
World average (march 2007) @M 170.9 1.1 #15 GeV
1 I 1 ' 1 I L ' 1 I 1 'l 1 I L
140 160 180 200

Top Quark Mass [GeV]
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All-hadronic analyses

= Both analyses use the same neural net selection
= Template method uses events with 6-8 jets and one or two b-tag
= |deogram analysis uses events with exactly 6 jets and at least two b-tags

= Qverlap between samples small, but most of the mass information comes
from the sample used by ldeogram analysis

= The correlation between analyses (by using number of overlapping
events and the contribution of these events in template analysis) is
something between 0.42 and 0.67 (absolute maximum).
=  Compatibility using the t-test and JES fixed to zero
= Template method measures 179.0 = 3.0 GeV (stat.)
= |deogram analysis measures 172.1 + 2.7 GeV (stat.)

= The t-test gives using only statistical uncertainties:
67% correlation: 2.96 (standard deviations)
45% correlation: 2.2
25% correlation: 1.97

= More studies on going to get better understanding of the compatibility
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